Objective: To prospectively evaluate the safety and therapeutic effectiveness of dual-switching monopolar (DSM) radiofrequency ablation (RFA) for the treatment of hepatocellular carcinoma (HCC), and to retrospectively compare the results with those of single-switching monopolar (SSM) RFA in a historical control group. Materials and Methods: This study was approved by the Institutional Review Board, with informed consent obtained from all patients. Fifty-two HCC patients who underwent DSM-RFA using a separable clustered electrode and dual-generators were prospectively enrolled. Technical parameters, complications, technical success, technical effectiveness, and local tumor progression (LTP) rates were evaluated by means of post-procedural and follow-up imaging. Thereafter, the outcome of DSM-RFA was compared with those of 249 retrospectively included HCC patients treated with SSM-RFA. Results: There were two major complications (3.8%, 2/52) including pleural and pericardial effusion in the DSM-RFA group. The DSM-RFA yielded a 100% technical success rate, a 98.1% technical effectiveness rate, and a 4.3% 2-year LTP rate. In a retrospective comparison between the two groups, DSM-RFA created significantly larger ablation volume (4.20 ± 2.07 cm 3 /min vs. 3.03 ± 1.99 cm 3 /min, p < 0.01), and delivered higher energy (1.43 ± 0.37 kcal/min vs. 1.25 ± 0.50 kcal/min, p < 0.01) per given time, than SSM-RFA. There was no significant difference in major procedure-related complications (3.8% vs. 4.4%) and technical effectiveness rate (98.1% vs. 96.4%) between the two groups (p = 1.00). In addition, the 2-year LTP rate of DSM-RFA and SSM-RFA were 4.3% and 10.1%, respectively (p = 0.15). Conclusion: DSM-RFA using a separable clustered electrode is safe and provides high local tumor control and good preliminary clinical outcome for small HCCs, which are at least comparable to those of SSM-RFA.
INTRODUCTION
Percutaneous image-guided radiofrequency ablation (RFA) has been widely accepted as a promising, noninvasive treatment option for early stage hepatocellular carcinoma (HCC) and a potential alternative to surgical resection with a higher cost effectiveness for small HCCs < 3 cm in diameter (1) (2) (3) (4) . However, the higher local tumor progression (LTP) rate of RFA compared to that of surgery remains one of its major limitations (5, 6) . To achieve the best LTP rate in patients with HCC after RFA, the creation of kjronline.org a safety margin 5-10 mm around the target tumor is generally recommended (7) (8) (9) ). Yet, for most RFA systems and electrodes clinically available today, the diameter of the ablation zone able to be induced by a single ablation is limited to 3-4 cm (10) . Therefore, particularly for tumors > 2 cm, multiple electrode repositionings are often required to achieve complete three-dimensional ablation of the tumor. However, since most percutaneous RFA procedures are performed under ultrasound guidance, especially in Asia, repositioning the electrodes accurately in the remaining viable tumor portion remains technically challenging owing to gas bubble shadows formed in the ablated tissue (1, 11) . Indeed, according to a recent paper by Kim et al. (12) on the 10-year outcomes of percutaneous RFA for early HCCs, the cumulative LTP rates were 27.0% and 36.9% at 5 years and 10 years, respectively. Furthermore, although no significant differences in survival have been demonstrated between patients with and without LTP during the 5 to 10 year follow-up period, it can be expected that the development of LTP would significantly shorten median recurrence-free survival, necessitating a higher number of interventional procedures. Therefore, development of more potent RFA equipment with better efficiency in creating larger ablation volumes would be of great clinical value helping to lower LTP rates after RFA. To overcome this limitation of conventional monopolar RFA, investigators have begun to perform RFA using multiple electrodes with a switching system allowing the operator to switch between monopolar, bipolar or multipolar modes (13) (14) (15) (16) (17) (18) . According to these studies, the multiple electrode approach was able to induce a larger ablation zone compared to conventional monopolar RFA using a single electrode with reported three year LTP rates of 11.0-23.8% (13) (14) (15) (16) (17) (18) . More recently, to further increase the efficiency of RF energy delivery, a dualswitching monopolar (DSM) RFA system using separable clustered electrodes and a three-channel dual-generator was developed. This allows RF energy to be applied to two electrodes simultaneously (19, 20) . However, to the best of our knowledge, there have been no previous studies reporting the clinical experience of DSM-RFA in patients with HCC.
Therefore, the purpose of our study was to prospectively evaluate the safety and therapeutic effectiveness of DSM-RFA for the treatment of HCC, and to retrospectively compare the results with those of single-switching monopolar (SSM)-RFA in a historical control group.
MATERIALS AND METHODS
The Institutional Review Board of our institution approved this prospective study of DSM-RFA and also a retrospective comparison of preliminary clinical outcomes between the DSM-RFA group and the historical control group of SSM-RFA. All patients who underwent DSM-RFA gave written informed consent prior to the RFA procedure. Financial support was provided by STARmed Co., Ltd. (Goyang, Korea). The authors had complete control of the data in this study, which was unbiased by industry.
Patients
In our institute, the general indications for RFA in HCC patients were as follows: 1) a single nodular HCC less than 5 cm in diameter, but preferentially less than 3 cm, or 2) two or three HCCs less than 3 cm; and 3) clinically significant portal hypertension and liver cirrhosis. However, hepatic resection candidates who preferred RFA over hepatic resection, in spite of the strong recommendation for hepatic resection by the clinicians, are also regarded as an indication of RFA. For this study, the indications for DSM-RFA and SSM-RFA were identical. Among the patients scheduled for RFA from July 2013 to June 2014, patients who met the inclusion and exclusion criteria and gave the informed consent were enrolled for DSM-RFA. The inclusion criteria were as follows: 1) patients whose ages ranged from 20 to 75 years old, 2) patients with liver cirrhosis and scheduled to undergo RFA for HCC visualized on CT or MRI performed within 30 days before the procedure, and 3) no previous locoregional treatment for index tumors including RFA, percutaneous ethanol injection, transarterial chemoembolization (TACE), or surgical resection. Among them, we excluded the following patients: 1) patients with three or more hepatic lesions, 2) tumors with the largest diameter > 5 cm, 3) tumors abutting the central portal vein or hepatic vein with a diameter > 5 mm, 4) compromised hepatic function of Child-Pugh class C, 5) overt tumor thrombus in the portal or hepatic vein on CT or MRI, and 6) platelet count < 50000 per µL or international normalized ratio (INR) > 1.5, or (g) overt extrahepatic metastasis.
Hepatocellular carcinoma was diagnosed either by pathology or by imaging modalities according to the American Association for the Study of Liver Diseases practice guidelines (3) or the Liver Imaging-Reporting and Data System if gadoxetic acid-enhanced MRI was used (21, 22) . Finally, 52 HCC patients (M:F = 39:13; mean age, kjronline.org 59 years; age range, 31-74 years) comprised our study population.
Radiofrequency Ablation Procedure
All RFA procedures were performed on an inpatient basis by one of three attending radiologists (with 17, 8, and 10 years of experience in RFA, respectively). Conscious sedation was induced and patient's vital signs were continuously monitored during the procedure. RFA was performed using a separable clustered electrode (Octopus®, STARmed, Goyang, Korea) and a three-channel dual-generator (VIVA Multi®, STARmed) under the guidance of real-time fusion imaging (PercuNav, Philips Healthcare, Best, the Netherlands; Virtual Navigator, Esaote, Genoa-Firenze, Italy) ( Fig. 1) (23, 24) . The separable clustered electrode was composed of three internally cooled electrodes. Unlike conventional clustered electrodes, each individual electrode was separable and could be inserted either as a group at a fixed distance of 5 mm, or as three single electrodes with variable interelectrode distances (16) . This three-channel RF system with two independent 200 W generators allowed both the SSM and DSM modes. The DSM mode of the three channel dual-generator RF system was approved for clinical use by the Korean Ministry of Food and Drug Safety, and has been commercially available in Korea. In the SSM mode, RF energy (maximum: 200 W) was delivered to one of three electrodes and was automatically switched to another electrode every 30 seconds. However, if there was an increase in impedance value of at least 50 Ω above baseline, RF energy was immediately automatically switched to the other electrode. If tissue impedance was increased to 300 Ω above baseline, energy was not delivered to that particular electrode for 15 seconds. In the DSM mode, synchronous parallel RF energy was delivered to two of the three electrodes. Similar to the SSM mode, the current was automatically switched to a different combination of a pair of electrodes every 30 seconds. However, if impedance of either one of the electrodes rose above 170% of the baseline value at any time, the power was switched to form another pair of electrodes. For DSM-RFA, initially, the maximum RF energy delivered was limited to 240 W (120 + 120 W) for one minute and then increased up to 330 W (165 + 165 W) until tissue impedance rose to 170% of baseline values. Thereafter, maximum RF energy up to 200 W for each electrode was alternatively delivered to one or a pair of electrodes to prevent overly rapid impedance rises as demonstrated in previous ex vivo and in vivo animal studies ( Fig. 1) (19, 20) . In addition, to prevent tract seeding, tract ablation was performed while maintaining the electrode tip temperature at 90°C during withdrawal of the electrodes. For the ablation of peripheral tumors located near abdominal walls, diaphragms, or the bowel, or for tumors located in the hepatic dome portion, a 5% dextrose solution was instilled to establish artificial ascites and to isolate the liver or to improve the sonic window depending on the operator's need (1, 25) .
Post-Treatment Assessment and Follow-Up
Immediately after the RFA procedure, the patients underwent contrast-enhanced CT examinations including pre-contrast, arterial, and portal venous phases. These immediate post-RFA CT images were carefully reviewed by the operator, to assess technical success and procedurerelated complications. Ablations were considered to be technically successful when the low attenuation ablation zone on the portal phase image included the entire tumor volume and, ideally, a tumor-free margin ≥ 5 mm (26) . If ablation was considered to be insufficient, additional ablation was performed during the same hospital stay.
To assess the ablation volume, one author reviewed the immediate post-RFA CT images and measured the maximum (Dmx) and minimum (Dmi) diameters on the axial image with the largest ablation area, as well as the vertical diameter (Dv) of the ablation zone. The volumes of the ablation zone and the effectively ablated volumes were calculated by approximating the ablation zone to an ellipsoid using the following formula (14) :
Follow-up CT or MRI was performed at 1 month and every 3 months following the ablation procedure. Two radiologists (with 7 and 3 years of experience in abdominal imaging, respectively) reviewed follow-up images, and evaluated technical effectiveness and LTP in consensus manner. Technical effectiveness was defined as when the ablation zone was larger than the ablated tumor and no enhancement was observed in and around the ablation zone on follow-up CT or MR images obtained immediately and one month after the ablation (26, 27) . LTP was defined as a newly appeared solid, arterial enhancing lesion at the margin of the ablated Korean J Radiol 18(5), Sep/Oct 2017 kjronline.org tumor at which technical effectiveness was reported on one month follow-up imaging according to the reporting criteria suggested by the International Working Group on Imageguided Tumor Ablation (27) .
Complications
Patients were closely observed for possible complications during the ablation procedure and hospital stay. Complications were reported and categorized according to the Society of Interventional Radiology standards (27, 28) . A major complication was defined as an event that leads to substantial morbidity which increases the level of care or requires additional intervention, or substantially lengthens the hospital stay. All other complications were considered minor. A side effect was defined as an expected, commonly found, undesired consequence of the procedure which rarely causes substantial morbidity, such as abdominal pain, or asymptomatic pleural effusion. As these side effects do not increase the level of care unexpectedly, they are not considered true complications (27) .
Comparison of the DSM-RFA Group with a Historical Control Group of SSM-RFA
To compare the efficacy of DSM-RFA with that of SSM-RFA, we retrospectively searched the radiology database of our institution for HCC patients who underwent SSM-RFA between January 2011 and October 2014. As a result, 552 patients with 648 HCCs who were treated with SSM-RFA using the same separable clustered electrodes used for DSM-RFA were found. Among them, we only included 249 patients with 269 HCCs who met the same inclusion and exclusion criteria applied to the DSM-RFA group, to make indications for RFA similar in both groups. Finally, 249 patients (M:F = 188:61; mean age, 62 years; age range, 33-86 years) comprised a historical control group of SSM-RFA in our study. Technical parameters and clinical outcomes were compared between DSM-RFA and SSM-RFA groups to evaluate the efficacy of DSM-RFA.
Statistical Analysis
Data were compared between the DSM-RFA and SSM-RFA groups using the Fisher's exact test for categorical variables and using the independent t test for continuous variables. Technical parameters including diameter and volume of the ablation zone, delivered RF energy, and ablation time were compared on a per-nodule basis, whereas technical success, technical effectiveness, and LTP rates were compared on a per-patient basis. LTP rates were calculated using the Kaplan-Meier method, and subgroup comparisons were performed using the log-rank test. As the Kaplan-Meier analysis was performed on a per-patient basis, if LTP was identified at one of the two treated HCCs in a patient with two HCCs, the follow-up data of the patient were censored on the date of LTP. A p value < 0.05 was considered to indicate a statistically significant difference. A statistical software program (SPSS; version 19.0, SPSS Inc., Chicago, 
RESULTS

Baseline Characteristics
The patients' baseline characteristics are presented in Table 1 . DSM-RFA group showed slightly higher serum albumin level (4.05 ± 0.38 vs. 3.82 ± 0.49, p = 0.01) and INR (1.12 ± 0.12 vs. 1.09 ± 0.11, p = 0.05) compared to SSM-RFA group. However, there was no significant difference in other baseline characteristics including age, sex, size and number of the tumor, subcapsular location of the tumor, serum bilirubin level, platelet count, alpha-fetoprotein (AFP) level, and Child-Pugh class.
Artificial Ascites
Artificial ascites was induced in 44.2% (23/52) of the patients treated with DSM-RFA, and in 32.5% (81/249) of those who underwent SSM-RFA (p = 0.11). The amount of 5% dextrose solution instilled to establish artificial ascites was 572.2 ± 282.1 mL in the DSM-RFA group and 529.6 ± 275.5 mL in the SSM-RFA group, respectively (p = 0.52).
Complications and Side Effects
There was no patient who expired within 30 days after the ablation using either technique. In terms of major procedure-related complications, there was no significant difference between the two groups (3.8% [2/52] vs. 4.4% [11/249] , p = 1.00). Major complications that occurred in patients who underwent DSM-RFA included pericardial effusion (which was under close observation at intensive care unit, but resolved spontaneously without additional intervention [n = 1]), and pleural effusion which required thoracentesis (n = 1). Major complications that occurred in the SSM-RFA group were as follows: active bleeding from the intercostal artery requiring transcatheter arterial embolization (n = 2), abscess formation requiring percutaneous drainage tube insertion (n = 1), pleural effusion requiring thoracentesis (n = 2), and sustained high fever requiring extended hospital stay (7 to 9 days after the procedure) and medical management (n = 6). In addition, there was one patient who developed a minor complication after the SSM-RFA procedure: a small amount of pneumothorax detected on immediate follow-up CT, which spontaneously resolved without chest tube insertion (n = 1).
Asymptomatic pleural effusion which did not require thoracentesis was noted in 23.1% (12/52) of the DSM-RFA group, and 19.7% (49/249) of the SSM-RFA group, respectively (p = 0.57). The artificial ascites technique had been used during the RFA procedure in 83.6% (51/61) of the 61 patients who developed post-procedural asymptomatic pleural effusion. In addition, 49.0% (51/104) of the patients who underwent RFA using the artificial ascites technique developed asymptomatic pleural effusion. Minimal collateral damage on post-procedural CT which did not cause clinical symptoms, require additional intervention, or lengthen the hospital stay were found in 9.6% (5/52) of the DSM-RFA group, and 8.4% (21/249) of the SSM-RFA group (p = 0.79). Table 2) .
Technical Success, Technical Effectiveness, and Local Tumor Progression Rate
The technical success rates of the DSM-RFA and SSM-RFA were 100.0 (52/52) and 98.0% (244/249), respectively (p = 0.59). Technical effectiveness rates of the DSM-RFA and SSM-RFA were 98.1 (51/52) and 96.4% (240/249), respectively (p = 1.00) ( Table 3 ). The one-and two-year LTP rates of the DSM-RFA vs. SSM-RFA were 2.1% (95% confidence interval [CI]: 0.3-13.9) vs. 5.4% (95% CI: 3.1-9.2) and 4.3% (95% CI: 1.1-16.2) vs. 10.1% (95% CI: 6.8-14.9), respectively (p = 0.15) (Table 3, Fig. 2 ).
DISCUSSION
Our study demonstrated that DSM-RFA using the dual generator system and a separable clustered electrode provided clinical outcomes including a high technical success rate of 100.0% (52/52), a high technical effectiveness rate of 98.1% (51/52), and a low two-year LTP rate of 4.3%. In addition, our comparative analysis of the DSM-RFA and SSM-RFA demonstrated that DSM-RFA was capable of inducing larger ablation zones compared to , p = 0.004), while no significant differences were observed in terms of procedure-related complications, technical success rates, and technical effectiveness rates (p > 0.05). In addition, although no statistical difference was found, the one-and two-year LTP rates of the DSM-RFA (2.1% and 4.3%) in our study were lower than those of SSM-RFA (5.4% and 10.1%) in our historical comparison group. Therefore, based on our study results, we believe that the DSM-RFA is technically feasible, safe, and more effective in inducing larger ablation zones compared to SSM-RFA, thereby providing at least equivalent clinical outcomes compared to SSM-RFA.
The superiority of DSM-RFA over SSM-RFA in inducing larger ablation zones in our study is in good agreement with the results of previous ex vivo and in vivo animal experiments (19, 20) . However, in our study, the difference in ablation volume did not lead to the difference in LTP rate. Although the two year LTP rate of DSM-RFA (4.3%) was better than that of SSM-RFA (10.1%) (which is similar to the value reported previously by Woo et al. (15) [10%]), this difference in our study was not statistically significant (p = 0.149). Nonetheless, we speculate that there is still a possibility that the DSM-RFA improves LTP rate compared to SSM-RFA in treating HCC. First, as a preliminary study, the number of subjects may not be sufficient to provide appropriate statistical power. Second, the small tumor size (1.54 ± 0.56 cm and 1.66 ± 0.63 cm, respectively, for DSMand SSM-RFA) would also account for the similar therapeutic results of the two techniques in our study despite of the superior performance demonstrated by DSM-RFA in creating larger ablation volumes. The ratio of Dmi/Dmx in our study (0.76) was slightly smaller than the value reported by Yoon et al. (19) (0.8-0.9). In our study population, 45.4% and 59.6% of the HCCs, treated with the SSM-RFA and DSM-RFA, respectively, were located in the subcapsular portion, where the formation of an ideal ellipsoid ablation zone may be interrupted. Therefore, the minimum diameter of the ablation zone may have been underestimated in our study. Considering the effect of tumor location on the diameter of the ablation zone, and the Dmi of albation zone in our study (3.76 ± 0.85 cm vs. 3.38 ± 0.82 cm, p = 0.002), and safety margins of 5 mm, we suspect that the DSM-RFA may even further improve the clinical outcome of patients with larger tumors, especially 2.5-3.0 cm in size, compared to SSM-RFA (7) (8) (9) . According to recent studies (29) (30) (31) (32) (33) , combined treatment of RFA and TACE or antiangiogenic treatments seems to provide better results than RFA and TACE alone for the treatment of large HCC (defined as those exceeding 3 cm in size). However, considering the increased complexity and cost of combination treatments compared with RFA, the improved performance of DSM-RFA in creating larger ablation zone demonstrated in our study could hold values for managing patients with 2.5-3.0 cm HCCs. Further studies with a larger study population and tumors of larger sizes are warranted to validate our hypothesis.
In our study, there were only two major complications, one pleural effusion requiring thoracentesis and one pericardial effusion, in the DSM-RFA group, resulting in a major complication rate of 3.8% (2/52). Our study results are similar to the value reported in a previous study on SSM-RFA (4.8%, 8/166) by Woo et al. (15) , and the complication rates of 2-3% reported for the single electrode approach (34, 35) . Moreover, no significant differences were observed in procedure-related complications between the two groups. Previous studies have demonstrated that the multiple electrode approach using various RF energy delivery modes was indeed able to create better therapeutic efficacy than the single electrode approach (13, 15, 18) . However, major complication rates were reported up to 6.9%, which could be related with the increased risk of electroderelated injury such as bleeding or hepatic parenchymal tear (1, 13, 15, 34, (36) (37) (38) (39) . Based on our study results, the DSM-RFA technique using a separable clustered electrode is safe and similar to other single electrode or multiple electrode approaches (1, 13, 15, 34, (36) (37) (38) (39) .
Asymptomatic pleural effusion was the most frequently observed side effect in our study. 49.0% (51/104) of the patients who underwent RFA using the artificial ascites technique developed post-procedural asymptomatic pleural effusion, which was similar to the incidence (56%, 14/25) reported by Rhim et al. (25) . The possible mechanisms by which pleural effusion develops in patients with ascites include lymphatic drainage system, and micro-or macroscopic diaphragmatic defect (40) .
This study has several limitations. First, there is the possibility of selection bias as we only prospectively enrolled patients who had undergone DSM-RFA, whereas patients treated with SSM-RFA were included retrospectively. In order to remove the selection bias, randomized controlled prospective studies are warranted to compare clinical efficacy of DSM-RFA and SSM-RFA. Second, this study included a relatively small number of patients with a short follow-up period of two years. Third, as discussed above, Korean J Radiol 18(5), Sep/Oct 2017 kjronline.org this study included relatively small sized tumors, where the demonstrated advantage of DSM-RFA in inducing a larger ablation volume may have been limited. Therefore, further studies including larger study population and larger sized tumors are warranted to validate the true impact of DSA-RFA on clinical outcomes. Finally, although hepatic failure is a rare complication of RFA and there was no patient who developed hepatic failure in our study, theoretically, the risk of hepatic function deterioration might be higher in DSM-RFA due to its capability to induce larger ablation zones compared to SSM-RFA (15, 41) . Therefore, DSM-RFA should be performed by experienced ablation specialists with thorough planning of the ablation zone before the procedure, and precise in situ monitoring of the ablation zone during the procedure is mandatory.
In conclusion, the results of our study demonstrated that DSM-RFA using a separable clustered electrode is safe and provides high local tumor control and good preliminary clinical outcome for small HCCs, which are at least comparable to those of SSM-RFA.
